Objectives: To evaluate the inexpensive colorimetric nitrate reductase-based antibiotic susceptibility (CONRAS) assay for testing the susceptibility of Mycobacterium tuberculosis to streptomycin and ethambutol in liquid cultures, and to compare the CONRAS test with the manual mycobacteria growth indicator tube (MGIT) test, using the radiometric BACTEC 460TB method as reference.
Introduction
Drug-resistant tuberculosis (TB) represents a threat to TB control programmes. Consequently, laboratories face the challenge of providing rapid antibiotic susceptibility testing (AST) to ensure effective treatment. 1 Current standards for performing AST are the agar proportion method (PM) and the radiometric BACTEC 460TB system (Becton Dickinson, MD, USA). 1 Although both tests are reliable, the PM is hampered by the laborious procedure and the BAC-TEC 460TB system by the requirement for radioactive material and the high cost. The manual mycobacteria growth indicator tube (MGIT; Becton Dickinson) test is a non-radiometric approach to the detection of mycobacteria and to AST in liquid medium. 2 Recently, we developed a rapid and inexpensive colorimetric nitrate reductase-based antibiotic susceptibility (CONRAS) method for the AST of Mycobacterium tuberculosis to isoniazid and rifampicin in liquid cultures. 3 The performance of the CON-RAS test in detecting the susceptibility of M. tuberculosis isolates to rifampicin and isoniazid was excellent. The aim of the present study was to extend the CONRAS test to include streptomycin and ethambutol. The performance of the CONRAS test and that of the manual MGIT test were evaluated against BACTEC 460TB using a panel of M. tuberculosis isolates with a high frequency of resistance to streptomycin and ethambutol. 
Materials and methods

Isolates
A total of 89 M. tuberculosis isolates were included. Of these, 39 were obtained from the Norwegian Institute of Public Health, 8 from Myanmar and 11 from Haukeland University Hospital, Norway. The remaining 30 isolates were obtained from the WHO/International Union against Tuberculosis and Lung Disease (IUATLD) supranational laboratory network. 4 The M. tuberculosis reference strain ATCC 27294 was also included.
CONRAS test
The CONRAS test was performed as described previously. 3 AST was performed with an initial concentration of 1.0 mg/L streptomycin and 5.0 mg/L ethambutol. If an isolate was resistant to the antibiotic in question, the test was repeated with a higher concentration of the drug (6.0 mg/L streptomycin and 7.5 mg/L ethambutol).
Manual MGIT test
AST was performed according to the manufacturer's instructions (Becton Dickinson). The critical concentrations were 0.8 mg/L for streptomycin and 3.5 mg/L for ethambutol.
BACTEC 460TB
AST was performed using standard procedures (Becton Dickinson), 1 with critical concentrations of 6.0 mg/L streptomycin and 7.5 mg/L ethambutol.
Etest
The Etest was used according to the manufacturer's instructions (AB BIODISK, Solna, Sweden). For determination of susceptibility categories, breakpoints of 2.0 and 5.0 mg/L for streptomycin and ethambutol, respectively, were used (application sheet; AB BIOD-ISK, 2003).
Agar PM
The PM was performed according to standard procedures. 1 The breakpoints were 4.0 mg/L for streptomycin and 2.0 mg/L for ethambutol.
Mutation analysis of genes involved in resistance
The mutation analysis of genes involved in resistance to streptomycin (rrs and rpsL) and ethambutol (embB) was undertaken using the methodology described by Victor et al.
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Analysis of isolates with discrepant results
Isolates showing discrepant AST results between the CONRAS test and BACTEC 460TB (Tables 1 and 2 ) were analysed using Etest and PM and by the analysis of genes involved in resistance to streptomycin and ethambutol. For isolates obtained from the WHO/ IUATLD, the WHO expected results 4 were included in the interpretation of results.
Data analysis
The performance of the CONRAS test and that of the manual MGIT test in comparison with BACTEC 460TB were evaluated in terms of sensitivity, specificity and positive and negative likelihood ratios. 3, 6 The agreement between the CONRAS test, the manual MGIT test and the BACTEC 460TB results was estimated using the kappa statistic. The kappa value was interpreted as follows: <0.2, poor; 0.21-0.4, fair; 0.41-0.6, moderate; 0.61-0.8, good; and ‡0.81, excellent. 6 
Results
For the 89 isolates tested using the CONRAS test, with 1.0 mg/L streptomycin and 5.0 mg/L ethambutol, there were 12 discordant results for streptomycin and 22 for ethambutol compared with BACTEC 460TB. When isolates resistant to low antibiotic concentrations were retested using high antibiotic concentrations (6.0 mg/L streptomycin and 7.5 mg/L ethambutol), there were 11 (Table 1 ) and 14 ( Tables 3  and 4 .
Discussion
We evaluated the performance of the CONRAS method for the AST of M. tuberculosis to streptomycin and ethambutol in liquid cultures. Using BACTEC 460TB as a reference, the sensitivity (true drug resistance) and specificity (true drug susceptibility) of the high-level CONRAS test were 73 and 100% for streptomycin and 64 and 92% for ethambutol, respectively. The sensitivity of the manual MGIT test for streptomycin and ethambutol was 88 and 64%, respectively, and the specificity was 90 and 86%, respectively. Other studies have reported a higher sensitivity, ranging from 75 to 100% for ethambutol and from 82 to 95% for streptomycin. 2, 7, 8 However, these studies included fewer resistant isolates than the present study and the precision of the sensitivity estimates was accordingly lower. It is conceivable that other small studies similar to the present study but with lower sensitivity remain unpublished, resulting in bias towards publication of small studies with higher sensitivity.
There were 11 and 14 discordant single-drug results between the CONRAS test using 6 mg/L streptomycin and 7.5 mg/L ethambutol, respectively, and the BACTEC 460TB. Seven of the 11 isolates with discrepant results for streptomycin belonged to the WHO/IUATLD panel of isolates. The expected results from WHO supported the BACTEC 460TB system's resistant outcome in all these seven isolates (data not shown). Five of the 14 discordant isolates for ethambutol were from WHO/ IUATLD. All five strains were resistant according to WHO results. The WHO results supported the BACTEC 460TB system's outcome in four of the five isolates. Mutations were detected in 12 of the 20 isolates that tested susceptible using the CONRAS test but tested resistant using BACTEC 460TB (streptomycin 6, ethambutol 6). A mutation in the embB gene was detected in one isolate which tested susceptible to ethambutol using BACTEC 460TB but tested resistant using the CONRAS assay. The PM test resolved the result in favour of the CONRAS assay. It is possible that some isolates in which no mutations were detected but which were shown to be resistant using BACTEC 460TB harbour rare mutations in regions other than the rrs, rpsL and embB genes.
In an evaluation of three colorimetric AST methods for M. tuberculosis-namely, the nitrate reductase assay performed on LJ (Löwenstein-Jensen medium) slants, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay and the resazurin microtitre assay (REMA)-Montoro et al. 9 showed with the PM as reference that there was a high level of agreement among these methods in the detection of rifampicin and isoniazid resistance. In contrast, the level of agreement for the liquidculture-based microtitre plate assays (MTT and REMA) for susceptibility testing for streptomycin and ethambutol was less promising. Testing M. tuberculosis for susceptibility to ethambutol using both radiometric and colorimetric tests can be problematic. This may be due to the narrow range between the MICs of susceptible and resistant isolates, reduced activity of the drug in the culture medium or the bacteriostatic nature of ethambutol.
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In 1994, the WHO initiated an external quality control for AST of M. tuberculosis in 16 laboratories across the world. The specificity values of ethambutol (mean 98%) were significantly higher than the sensitivity values (mean 66%). 4 Thus, the moderate sensitivity of AST for ethambutol may lead to under-reporting of drug resistance. A recent study 2 based on 36 M. tuberculosis isolates obtained from the WHO, comparing the manual MGIT test with BACTEC 460TB, showed that for ethambutol and streptomycin there was a 78 and 72% agreement, respectively. A possible explanation for the problems observed in testing for ethambutol resistance may be heteroresistance. 2 As a consequence, the repeatability of AST methods for ethambutol may be low.
Our previous study 3 showed that the CONRAS test is rapid, inexpensive and accurate for AST of M. tuberculosis to rifampicin and isoniazid. The present study shows that susceptibility data for streptomycin and ethambutol obtained using the CONRAS test are somewhat less reliable. The CONRAS test is comparable to the manual MGIT test but is considerably cheaper. The accurate determination of the susceptibility of M. tuberculosis to streptomycin and ethambutol is difficult using colorimetric tests in liquid media and also using conventional methods. 2, 7, 9 The good (streptomycin) and moderate (ethambutol) agreement between the CONRAS test and the manual MGIT test in comparison with BACTEC 460TB indicates that the concentrations, especially of ethambutol, in these non-radiometric susceptibility tests need to be better defined.
